Penile erection is a neurovascular phenomenon that requires well coordinated and functional interaction between penile vascular and nervous systems. In order to provide a useful tool to examine pathologic changes in the erectile tissue, mainly focusing on penile neurovascular dysfunction, we established the technique to determine the differential distribution of endothelial cells, smooth muscle cells, pericytes, and nerve fibers in the mouse penis using immunohistochemical staining with three-dimensional reconstruction. Immunofluorescent staining of penile tissue was performed with antibodies against CD31 (an endothelial cell marker), smooth muscle a -actin (SMA, a smooth muscle cell marker), NG2 (a pericyte marker), or bIII-tubulin (a neuronal marker). We reconstructed three-dimensional images of penile vascular or neurovascular system from stacks of two-dimensional images, which allows volume rendering and provides reliable anatomic information. CD31-positive endothelial cells, SMA-positive smooth muscle cells, and NG2-positive pericytes were evenly distributed and composed sinusoidal or venous wall. However, the endothelial layer of the cavernous artery or dorsal artery was mainly covered with smooth muscle cells and rarely associated with pericytes. The reconstructed threedimensional images clearly visualized typical wavy appearance of nerve fibers that evenly innervate to cavernous sinusoids, cavernous artery, dorsal vein, and dorsal artery. We observed a significant decrease in CD31-positive endothelial cells, NG2-positive pericytes, and bIII-tubulin-positive nerve fibers in the penis of diabetic mice compared with those in normal condition. Our protocol for immunofluorescent staining with three-dimensional reconstruction will allow a better understanding of the penile neurovascular anatomy and may constitute a standard technique to determine the efficacy of candidate therapeutics targeting therapeutic angiogenesis or neural regeneration.
INTRODUCTION
Penile erection is a neurovascular phenomenon that requires well coordinated and functional interaction between vascular endothelial cells, smooth muscle cells, pericytes, and neuronal cells (Andersson, 2011; Yin et al., 2015) . Nitric oxide (NO), mainly derived from nonadrenergic and noncholinergic nerves and from cavernous endothelium, diffuses into the adjacent cavernous smooth muscles and reacts with guanylylate cyclases, which catalyze the conversion of GTP to GMP. The increase in intracellular cGMP decreases intracellular calcium concentrations and induces penile erection by regulating smooth muscle tone (Ignarro et al., 1990) .
The vascular endothelium plays a crucial role in the regulation of vascular tone and blood flow (Verma et al., 2003) . The cavernous endothelium, which is located on the inner surface of the lacunar spaces in the erectile tissue, has a fundamental role in regulating the tone of the underlying smooth muscle and physiologic penile erection (Bivalacqua et al., 2003) .
Pericytes also constitute microvascular structures and are a population of contractile cells covering the endothelial cells (Diaz-Flores et al., 1991) . Pericytes are known to play a crucial role in maturation of the blood vessel; in the regulation of vascular tone and blood flow as well as vascular permeability; and as a potential source of endogenous mesenchymal stem cells (Armulik et al., 2005 (Armulik et al., , 2011 von Tell et al., 2006) . We recently identified location of the pericytes in the cavernous sinusoids and microvessels of erectile tissue in mice or human using immunohistochemistry. The presence of pericytes was further confirmed by primary isolation and cultivation of pericytes from erectile tissue. We observed the loss of pericytes and a subsequent increase in the vascular permeability in corpus cavernosum of the diabetic mice. Moreover, inhibition of pericyte function with anti-platelet-derived growth factor receptor-b has been shown to induce deterioration of erectile function in normal mice (Yin et al., 2015) .
Cavernous nerves carry neuronal nitric oxide synthase (nNOS)-positive nerve fibers and the proper amount of intact nNOS-positive neuron is essential for initiation of penile erection. NO derived from nerve terminals induces dilation of the cavernous artery and sinusoids and initiates penile erection. Subsequent shear stress promotes the activation of Akt and endothelial NOS (eNOS) and sustains penile erection (Hurt et al., 2002) .
Functional and structural impairments of endothelial cells, smooth muscle cells, pericytes, and neuronal cells play a critical role in the pathophysiology of erectile dysfunction (ED) (Andersson, 2011; Yin et al., 2015) . Diabetes mellitus is one of the main causes of ED and multiple pathogenic factors, such as cavernous angiopathy and autonomic neuropathy, are involved in diabetic ED (Lue, 2000) . Immunohistochmical staining is one of the important tools to evaluate structural impairments of penile vascular and nervous systems. However, the majority of studies have used two-dimensional imaging technique (Jin et al., 2009 (Jin et al., , 2010 . With conventional two-dimensional imaging, it is particularly difficult to show running course of the nerve fibers within erectile tissue and their relationship with cavernous sinusoids and cavernous artery. Therefore, a proper setting up a reproducible and objective histologic staining technique is necessary.
In order to provide a useful tool to examine the penile neurovascular anatomy, we established the technique to determine the differential distribution of endothelial cells, smooth muscle cells, pericytes, and nerve fibers in the mouse or human penis using immunohistochemical staining with three-dimensional reconstruction.
MATERIALS AND METHODS

Animals and preparation of human corpus cavernosum tissue
Specific-pathogen-free C57BL/6J mice were purchased from Orient Bio (Gyeonggi, South Korea). The experiments performed were approved by the Institutional Animal Care and Use Subcommittee of our university. Diabetes was induced in 8-week-old C57BL/6J mice by intraperitoneal injections of streptozotocin (50 mg/kg) for 5 days consecutively as previously described (Jin et al., 2009) . At 8 weeks after the induction of diabetes, the diabetic animals and their age-matched controls were used for histologic examination.
Human corpus cavernosum tissues were obtained from a patient with Peyronie's disease who has normal erectile function (age = 59 years) during reconstructive penile surgery and a diabetic patient who has ED (age = 56 years) during penile prosthesis implantation. All tissue donors provided informed consent, and the experiments were approved by the internal review board of our university.
Immunohistochemistry
The mouse or human penis tissue was fixed in 4% paraformaldehyde for 24 h at 4°C, and frozen tissue sections (20 to 50-lm [thick-cut]) were permeabilized with 0.1% triton-X 100 (Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room temperature. After washing three times with phosphate-buffered saline (PBS), samples were then treated with 3% bovine serum albumin for 1 h at room temperature to minimize nonspecific binding of antibodies. After washing with PBS, samples were incubated with antibodies to CD31 (an endothelial cell marker; Millipore, Temecula, CA, USA; 1 : 50; Cat #MAB1398Z), fluorescein isothiocyanateconjugated antibody to smooth muscle a-actin (a smooth muscle cell marker; Sigma-Aldrich; 1 : 200; Cat #F3777), NG2 chondroitin sulfate proteoglycan (a pericyte cell marker; Millipore; 1 : 50; Cat #ab5320), or bIII-tubulin (a neuronal marker; Abcam, Cambridge, UK; 1 : 50; Cat #ab107216) at 4°C overnight. After several washes with PBS, the sections were incubated with DyLight TM 405 AffiniPure goat anti-armenian hamster IgG (H+L) (Jackson ImmunoResearch, West Grove, PA, USA; 1 : 50; Cat #127-475-160), donkey anti-rabbit IgG H&L (DyLight â 550, Abcam; 1 : 50; Cat #ab98489), or rhodamine Affinipure donkey anti-chicken IgY (H+L) (JacksonImmuno Research, West Grove, PA, USA; 1 : 50; Cat #703-025-155) for 2 h at room temperature.
Imaging and three-dimensional reconstruction
To visualize the internal penile structures, both transverse and longitudinal sections were floated and coverslipped and finally subjected to three-dimensional reconstruction from stacks of two-dimensional images. Signals were visualized and digital images were obtained with a confocal microscope (FV1000, Olympus, Tokyo, Japan).
The principle of three-dimensional reconstruction of penile vasculature from stacks of two-dimensional images was presented in Fig. 1 . Immunofluorescent triple staining of penile tissue was performed with antibodies against CD31 (an endothelial cell marker; blue), smooth muscle a -actin (a smooth muscle cell marker; green), and NG2 (a pericyte marker; red). To further delineate the anatomical relationships between endothelial cells, smooth muscle cells, and pericytes, we reconstructed threedimensional images of the transverse sections subjected to immunofluorescent staining.
The principle of three-dimensional reconstruction of penile neurovascular system from stacks of two-dimensional images was presented in Fig. 2 . Immunofluorescent triple staining of penile tissue was performed with antibodies against CD31 (an endothelial cell marker; blue), smooth muscle a -actin (a smooth muscle cell marker; green), and bIII-tubulin (a neuronal marker; red). To further delineate the anatomical relationships between endothelial cells, smooth muscle cells, and nerve fibers, we reconstructed three-dimensional images of the transverse sections subjected to immunofluorescent staining.
We also performed immunofluorescent double staining of human cavernous tissue with antibodies against smooth muscle a-actin (a smooth muscle cell marker; green) and bIII-tubulin (a neuronal marker; red), and reconstructed three-dimensional images.
Quantitative analysis of endothelial cells, smooth muscle cells, pericytes, and nerve fibers from two-dimensional images was done with an image analyzer system (National Institutes of Health [NIH] IMAGE J 1.34, http://rsbweb.nih.gov/ij/). Briefly, an image was opened in the IMAGE J software, and then confocal color image was converted to 8-bit gray scale. The outside of corpus cavernosum was cut away with the 'Clear Outside' tool. The threshold of the images was adjusted to include only staining area, and then the area was measured and recorded for calculation of the percentage in the corpus cavernosum.
Statistical analysis
Results are expressed as means AE standard deviations. Intergroup comparisons were made by Mann-Whitney U test. We performed statistical analysis with SIGMASTAT 3.5 software (Systat Software Inc., Richmond, CA, USA). p values <5% were considered significant.
RESULTS
Three-dimensional reconstruction of penile vasculature in mice
Representative three-dimensional images of penile vasculature in cavernous sinusoids, dorsal vein, dorsal artery, and Figure 1 The principle of three-dimensional reconstruction of penile vasculature. Reconstruction of a three-dimensional image from stacks of two-dimensional images allows volume rendering and is useful for visualizing internal structures. CD31, an endothelial cell marker, blue; smooth muscle a-actin (SMA), a smooth muscle cell marker, green; NG2, a pericyte marker, red. 966 Andrology, 2017, 5, 964-970 dorsal nerve bundle from normal or diabetic mice were shown in Fig. 3 and Figures S1 and S2 . In individual sections and stacked image of the cavernous sinusoids and dorsal vein, CD31-positive endothelial cells, SMA-positive smooth muscle cells, and NG2-positive pericytes were evenly distributed and composed sinusoidal or venous wall. However, the endothelial layer of the cavernous artery or dorsal artery was mainly covered with smooth muscle cells and rarely associated with pericytes. There was relatively abundant expression of NG2-positive pericytes along the CD31-positive endothelial cells in the dorsal nerve bundle (Fig. 3 and Figures S1 and S2 ). The expression of NG2-positive pericytes was the most intense around microvessels at the subtunical area, followed by the dorsal nerve bundle, dorsal vein, and cavernous sinusoids (Fig. 3) . The expression of CD31, SMA, or NG2 was lower in the penis of diabetic mice than that of controls, especially in cavernous sinusoids, subtunical area, and dorsal nerve bundle (Fig. 3) . Figure 3 Decrease in the expression of markers for endothelial cells, smooth muscle cells, and pericytes in the penis of diabetic mice. Merged images of transverse thick-cut (50 lm) sections depicted by CD31 (an endothelial cell marker, blue), smooth muscle a -actin (a smooth muscle cell marker, green), and NG2 (a pericyte marker, red) staining. Subtunical area was defined with white dotted demarcation. Diabetes was induced in 8-week-old C57BL/6J mice by intraperitoneal injections of streptozotocin (50 mg/kg) for 5 days consecutively. Eight weeks after diabetes was induced, the penis was harvested for histologic examination. Sixteen-week-old normal mice were served as a control. Thickness of each stack is 35 lm and 36 images were used for threedimensional reconstruction. Three-dimensional reconstruction of penile neurovascular system in mice
Representative three-dimensional images of penile neurovascular system in cavernous sinusoids, cavernous artery, dorsal vein, dorsal artery, and dorsal nerve bundle from normal or diabetic mice were shown in Figures S3 and S4 . The reconstructed three-dimensional images clearly show typical wavy appearance of nerve fibers that evenly innervate to cavernous artery, cavernous sinusoids, dorsal vein, and dorsal artery ( Figure S3 ). The expression of bIII-tubulin was lower in the penis of diabetic mice than that of controls (Fig. 4 and Figures S3 and S4 ). Quantitative analysis from two-dimensional images also revealed a significant decrease in CD31-positive endothelial cells, NG2-positive pericytes, and bIII-tubulin-positive nerve fibers in the corpus cavernosum tissue of diabetic mice compared with those in normal mice (N = 6 per group) (Fig. 5) .
Three-dimensional reconstruction of penile nervous system in human Similar to the result from mice, the reconstructed threedimensional images clearly show typical wavy appearance of nerve fibers. The expression of SMA and bIII-tubulin was Figure 5 Quantitative analysis of endothelial cells, smooth muscle cells, pericytes, and nerve fibers in the corpus cavernosum of normal or diabetic mice. Diabetes was induced in 8-week-old C57BL/6J mice by intraperitoneal injections of streptozotocin (50 mg/kg) for 5 days consecutively. Eight weeks after diabetes was induced, the penis was harvested for histologic examination. Sixteen-week-old normal mice were served as a control. An image analyzer was used to quantitate the CD31-, SMA-, NG2-, and bIII-tubulin-immunopositive area in each group. Each bar depicts the mean AE standard deviations from N = 6 animals per group. *p < 0.01 and #p < 0.05 vs. the normal group. DM = diabetes mellitus. Figure 6 Decrease in the expression of a neuronal marker in the penis of a diabetic patient with erectile dysfunction. Images of transverse thick-cut (20 lm) sections depicted by bIIItubulin (a neuronal marker, red) and smooth muscle a-actin (SMA, a smooth muscle cell marker, green) staining. Thickness of each stack is 15 lm and 16 images were used for threedimensional reconstruction. DAPI = 4,6-diamidino-2-phenylindole (a nuclei marker, blue). DM = diabetes mellitus. [Colour figure can be viewed at wileyonlinelibrary.com].
968 Andrology, 2017, 5, 964-970 relatively lower in the corpus cavernosum of a patient with diabetic ED than in a patient who has normal potency (Fig. 6 ).
DISCUSSION
As shown in this study, the examination of serial transverse and longitudinal sections using immunofluorescent double or triple staining and three-dimensional reconstruction gives us a new insight on the penile neurovascular structures.
In this study, we established three-dimensional images of penile vasculature using makers for endothelial cells, smooth muscle cells, and pericytes. Similar to the results from ours (Yin et al., 2015) , we observed the intense expression of NG2-positive pericytes around microvessels at the subtunical area, followed by the dorsal nerve bundle, dorsal vein, and cavernous sinusoids. The majority of endothelial layer of the cavernous artery or dorsal artery was covered with smooth muscle cells and rarely associated with smooth muscle cells, whereas endothelial layer of the cavernous sinusoids or dorsal vein was intermingled with pericytes and smooth muscle cells.
The origin and running course of cavernous nerve fibers innervating penis are relatively well documented in human or mouse using autopsy or histologic study (Takenaka et al., 2005; Davila et al., 2008; Schwalenberg et al., 2010) . However, it is not easy to accurately evaluate the neural innervation in the erectile tissue and their relationship with cavernous sinusoids and cavernous artery with conventional immunohistochemistry. For histologic study of erectile tissue or penis, most of studies so far demonstrate two-dimensional information derived from a single transverse or longitudinal penile section (Jin et al., 2009 (Jin et al., , 2010 . As shown in Fig. 6 and Figure S3 , the conventional twodimensional images have limitations, especially in showing the nerve fibers that are sparsely distributed in erectile tissue. Moreover, complex spatial organizations of nerve fibers are usually not perceptible on two-dimensional image series. In contrast, three-dimensional reconstruction from stacks of twodimensional images accurately delineated neural innervations in the penis. This technique allowed us to clarify the course and the distribution of the nerve fibers destined for smooth muscle of the cavernous sinusoids, cavernous artery, dorsal artery, and dorsal vein. Further histologic staining with antibodies to nNOS, tyrosine hydroxylase, or choline acyetyltransferase is needed to determine the detailed nature of the neural innervations in penis.
With three-dimensional imaging technique, we also documented obvious structural changes of key components of penile erection (Andersson, 2011; Yin et al., 2015) , such as endothelial cells, pericytes, smooth muscle cells, and nerve fibers, in diabetic condition. It allows a better understanding of the origin and the course of the nervous elements as well as distribution of vascular components involved in physiologic penile erection or in ED from pathologic conditions. Moreover, our study provides a standard protocol for the study of penile neurovascular anatomy based on immunofluorescent staining with three-dimensional imaging technique. Both transverse and longitudinal images give us valuable information for penile neurovascular structure. However, it is advantageous to use longitudinal section when we evaluate cavernous artery due to its longitudinal nature of the running course. The requirement of high-cost confocal microscope and experienced skill for the sample preparation and staining are the hurdles for three-dimensional imaging technique.
Although oral phosphodiesterase-5 (PDE5) inhibitors are generally accepted as an effective therapy for ED, men with ED from diabetes or radical prostatectomy respond poorly to these drugs (Martinez-Jabaloyas et al., 2001; Capogrosso et al., 2016) . Impairments in production of endogenous NO from severe endothelial dysfunction and peripheral neuropathy are responsible for poor responsiveness to PDE5 inhibitors (Musicki & Burnett, 2007; Angulo et al., 2010) . Recently, a variety of preclinical studies have so far demonstrated promising results by way of biotherapies to regenerate cavernous endothelial cells and cavernous nerves (Bella et al., 2009; Ryu & Suh, 2012) . We believe that our three-dimensional imaging protocol for the study of penile neurovascular anatomy may provide more reliable, objective, and reproducible information to determine the efficacy of candidate therapeutics targeting therapeutic angiogenesis or neural regeneration than do conventional two-dimensional imaging.
CONCLUSIONS
We established three-dimensional imaging technique to visualize penile neurovascular anatomy. Our immunofluorescent staining with three-dimensional reconstruction might constitute a standard technique to decipher neural innervations into the vascular structures in erectile tissue, such as cavernous sinusoids and cavernous arteries, and to determine the efficacy of candidate therapeutics on penile neurovascular function.
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